We simulate the evolution of the Sun's large-scale magnetic field during solar cycle 21, including the effect of surface transport processes and active region emergence. As an important new constraint on the model, we have scaled our source fluxes upward to be consistent with the average measured strength of the interplanetary magnetic field (IMF). By adopting a poleward bulk flow of amplitude $20-25 m s À1 together with a supergranular diffusion rate of $500 km 2 s À1 , we are then able to match the observed variation of the Sun's polar fields and open magnetic flux. The high meridional flow speeds, peaking at low latitudes, prevent the buildup of an overly strong axisymmetric dipole component at sunspot minimum, while accounting for the giant poleward surges of flux and accompanying polar field fluctuations observed near sunspot maximum. The present simulations also reproduce the large peak in the equatorial dipole and IMF strength recorded in 1982.
INTRODUCTION
In an earlier paper (Wang, Nash, & Sheeley 1989a , hereafter WNS89), we used the magnetic flux transport code of Sheeley, DeVore, & Boris (1985) to simulate the evolution of the Sun's polar fields during sunspot cycle 21. Active regions that emerged during 1976-1986 were represented by magnetic doublets, whose flux was transported over the photospheric grid by means of differential rotation, supergranular diffusion, and meridional flow. For quantitative comparisons with the model calculations, we employed magnetograph data from the Wilcox Solar Observatory (WSO); the measured photospheric fluxes were multiplied by a constant factor of 1.8 to correct for the saturation of the Fe i 5250 line profile, following the analysis of Svalgaard, Duvall, & Scherrer (1978) . We then found that the solar cycle variation of the WSO polar fields could be fitted by assuming a diffusion rate of 600 km 2 s À1 and poleward flow speeds of 10-20 m s À1 , with the higher velocities occurring near sunspot maximum.
A major uncertainty in our earlier simulations involved the calibrations of both the WSO fields and the doublet strengths. The latter were estimated visually from photographic prints of National Solar Observatory (NSO/Kitt Peak) magnetograms taken in the Fe i 8688 line (see Sheeley et al. 1985; Wang & Sheeley 1989) ; the resulting photospheric fluxes were in approximate agreement with the WSO measurements scaled upward by a factor of 1.8. However, more recent studies suggest that both our doublet strengths and the low-latitude WSO fluxes were underestimated. By comparing magnetograph measurements made at the Mount Wilson Observatory (MWO) in Fe i 5250 and Fe i 5233, which saturates only at field strengths as high as $4000 G, Ulrich (1992) derived a correction factor for the Fe i 5250 fluxes that varied from $4.5 at disk center to $2 at the solar limb. By applying the latitude-dependent Ulrich correction to MWO and WSO photospheric field data during 1970 -1993 , Wang & Sheeley (1995 were able to reproduce both the average magnitude and the long-term variation of the radial interplanetary field component at Earth. In that study, a potential-field source-surface (PFSS) extrapolation was used to determine the total open flux, which was then assumed to be uniformly distributed at 1 AU, in accordance with Ulysses magnetometer results (see Balogh et al. 1995) . In contrast, when a constant scaling factor of 1.8 was applied to the magnetograph data, the extrapolated fields were too low by a factor of $2 and showed a strong modulation anticorrelated with the solar activity cycle, contrary to observations. Recently, Mackay, Priest, & Lockwood (2002) have employed a flux transport model with source doublets to derive the variation of the total open flux over the solar cycle. They found that the open flux again peaked strongly at sunspot minimum, instead of just after sunspot maximum as observed in recent cycles, and suggested that the currentfree coronal extrapolation procedure was inadequate. A similar result is obtained with the transport parameters and doublet sources of WNS89 (see x 3).
In this paper we show that the flux transport model can be reconciled with the measured variation of the interplanetary field, provided that the source fluxes used in WNS89 are increased by a factor of $3. We find that this correction is consistent with both the WSO and NSO/Kitt Peak magnetograph data, and we discuss its implications for the surface meridional flow rate.
METHOD
Let r denote heliocentric radius, L heliographic latitude, Carrington longitude, and t time. The radially oriented photospheric field B r ðR ; L; ; tÞ is assumed to obey the transport equation
where r 2 ? represents the L and components of the Lapla- cian, !ðLÞ ¼ 13:38 À 2:30 sin 2 L À 1:62 sin 4 L deg day À1 is the synodic rotation rate of the photospheric plasma (Snodgrass 1983) , is the diffusion coefficient associated with the nonstationary supergranular convection (Leighton 1964) , vðLÞ is the meridional flow velocity, and SðL; ; tÞ is a source term describing the emergence of new bipolar magnetic regions (BMRs). Estimates of typically range between $200 and $700 km 2 s À1 (see Simon, Title, & Weiss 1995 and references therein) , while Doppler measurements and magnetic-feature tracking indicate poleward flows of amplitude $10 to $30 m s À1 (Duvall 1979; Komm, Howard, & Harvey 1993; Hathaway et al. 1996; Haber et al. 2002) .
For a given initial field distribution B r ðR ; L; ; 0Þ and choice of and vðLÞ, we solve equation (1) over the interval [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] , employing the numerical code described by Sheeley et al. (1985) . The computations are done on a mesh of dimensions 128 cells in longitude by 64 cells in latitude, representing the whole solar surface. During the course of each simulation, 3000 BMRs are deposited onto the photospheric grid according to their observed locations and times of emergence. The properties of these doublet sources are as described in Wang & Sheeley (1989) , except for an important modification to be discussed in x 3.
We extrapolate the simulated photospheric field into the corona by assuming that 
Because of the rapid falloff of higher order magnetic multipoles between r ¼ R and r ¼ R ss , È open and B E depend principally on the dipole (l ¼ 1) and quadrupole (l ¼ 2) components of the photospheric field (see Wang, Lean, & Sheeley 2000a) . We also compute the total photospheric flux,
the average fields in the north (L > þ60 ) and south (L < À60 ) polar caps, 
(D ax and D eq correspond, respectively, to the l ¼ 1, m ¼ 0 and l ¼ 1, jmj ¼ 1 spherical harmonic components of the photospheric field.)
SOURCE FLUX CORRECTION
As noted in x 1, WNS89 adjusted the flux transport parameters to match the evolution of the WSO photospheric fields, scaled upward by a factor of f ¼ 1:8 in accordance with the analysis of Svalgaard et al. (1978) . Ulrich (1992) subsequently found that the saturation correction for magnetograph measurements in the Fe i 5250 line (used at both MWO and WSO) was even larger and decreased strongly from disk center to limb; his result can be approximated by the latitude-dependent function
(see Wang & Sheeley 1995) . Figure 1 illustrates the evolution of the total photospheric flux and the equatorial and axial dipole strengths during 1976-1986, as obtained with our earlier model (thick solid curves). Here, as in WNS89 and Wang, Nash, & Sheeley (1989b) , we have set ¼ 600 km 2 s À1 and jvðLÞj ¼ 10 m s À1 ð Þcos L sin 0:01 L j j; the initial photospheric field was taken to be of the form AE 11 G ð Þsin 8 L, and the doublet sources were similar to those described in Wang & Sheeley (1989) . For comparison, we have also plotted the WSO total photospheric flux and dipole components, corrected for line profile saturation using both the constant factor of 1.8 (thin solid curves) and the Ulrich function f U ðLÞ (dotted curves); in both cases, the measured line-of-sight fields were deprojected by dividing by cos L (see Wang & Sheeley 1992) . As expected, the '' old model '' roughly matches the WSO data multiplied by 1.8; when compared to the Ulrich-corrected measurements, however, the simulated values of È tot and D eq are generally lower by a factor of $2-3, reflecting the difference between the strengths of the calculated and observed low-latitude photospheric fields. Figure 2 compares the variation of B E determined from the old model and from the WSO data corrected using the two different scaling factors. Also plotted are the in situ measurements of the radial interplanetary magnetic field (IMF) strength (connected asterisks), extracted from the online National Space Science Data Center (NSSDC) OMNI database. The open fluxes derived from the simulation and from the WSO data scaled by a factor of 1.8 both show a pronounced minimum near sunspot maximum, contrary to the observed IMF variation, and the calculated values of B E are too low by factors of 2-4 during 1978-1984. In contrast, when the Ulrich correction is applied, the extrapolated WSO fields are in much better agreement with the IMF measurements, reproducing in particular the high peak in 1982.
From Figure 2 we conclude that the model of WNS89 greatly underestimates the radial IMF strength near sunspot maximum. During this period, most of the open flux originates in and around active regions, rather than from the polar coronal holes, as at sunspot minimum (see Wang et al. 2000a ). The effect of the latitude-dependent Ulrich correction (eq. [10]) is to increase the relative strength of the active region fields, so that the total open flux near sunspot maximum becomes comparable to that near sunspot minimum, in agreement with observations. In the case of the flux transport simulations, we might expect to produce an equivalent result by increasing the strength of the source fluxes. Figure 3 shows the long-term variation of È tot derived from NSO/Kitt Peak maps of the photospheric field for Carrington rotations (CRs) . For comparison, we also plot the simulated photospheric fluxes during cycle 21; as remarked previously, these simulations employed magnetic doublet sources whose strengths were estimated visually from photographic prints of daily NSO magnetograms. It is evident that during 1978-1986, the model under- estimates the fluxes in the digitized NSO maps by a factor of the order of 2. However, Figure 3 suggests that the NSO fluxes for cycle 21 are themselves too low and should be increased by $30% to make them comparable to those of cycle 22, given that the sunspot-number amplitudes of these two cycles were nearly equal. It thus appears that the magnetic doublet fluxes should be scaled upward by a factor of close to 3.
A correction factor for the source fluxes can also be estimated by comparing the simulated and observed values of D eq ðtÞ. The variation of the equatorial dipole component is closely associated with low-latitude activity (see Wang et al. 2000a) ; since it characterizes the large-scale magnetic field, its amplitude is relatively insensitive to the spatial resolution of the magnetograph measurements, unlike the total photospheric flux. From Figure 1b we see that the values of D eq derived from the Ulrich-corrected WSO data are $3 times higher than the simulated values during the period from mid-1978 to 1986. In the subsequent simulations of this study, we accordingly multiply the strengths of all doublet sources deposited between 1978 July and 1986 January by a factor of 3. The total flux of each polarity emerging at the solar surface between 1976 August and 1986 April then increases from 1:1 Â 10 25 to 2:9 Â 10 25 Mx.
NEED FOR HIGHER POLEWARD FLOW SPEEDS
Let us now consider the effect of increasing the source fluxes during 1978-1986 by a factor of 3, while retaining the transport rates used in the previous simulation and in WNS89. Figure 4 shows the resulting behavior of D eq ðtÞ, D ax ðtÞ, B n ðtÞ, B s ðtÞ, and B E ðtÞ, along with the corresponding quantities derived from the Ulrich-corrected WSO data. 
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predicted values of the axial dipole, polar field, and IMF strengths are far too large at the end of the cycle.
To understand the discrepancy between the simulated and observed polar field evolution, it is necessary to first recall how the polar fields are formed in the flux transport model (see Wang & Sheeley 1991 and references therein) . Because of the action of Coriolis forces on the rising, toroidally oriented flux, active regions generally emerge with their leading, westward poles shifted slightly equatorward of their trailing poles ('' Joy's law ''); the corresponding north-south dipole moments are opposite to that of the Sun's large-scale field at the start of the cycle. The establishment of the new-cycle polar fields requires that net quantities of trailing-polarity flux be transported from the sunspot latitudes to the polar regions. In the absence of supergranular diffusion, the meridional surface flow would carry equal amounts of leading-and trailing-polarity flux to the poles, and there would be no net change in the polar fields. In reality, the leader flux (being located at systematically lower latitudes) tends to diffuse across the equator and be canceled by its opposite-hemisphere counterpart, leaving a surplus of trailing-polarity flux in each hemisphere, which is gradually concentrated at the poles by the surface flow.
In the simulation of Figure 4 , the final polar fields are too strong because we have increased the source fluxes without changing the transport rates; as a result, too much trailingpolarity flux now reaches the poles. To reduce the net quantity of trailing-polarity flux in each hemisphere, it is necessary to prevent leading-polarity flux from diffusing into the opposite hemisphere. This effect can be achieved by decreasing and/or by increasing the low-latitude flow speeds.
In our next simulation, the source fluxes are again taken to be 3 times stronger than in WNS89, but we now set ¼ 500 km 2 s À1 and
The adopted flow profile is such that the poleward velocity attains a maximum value of 23 m s À1 at jLj ¼ 6=4, falls to 12 m s À1 at jLj ¼ 45 , and vanishes at the equator and at the poles. (The relatively steep falloff toward high latitudes is needed to prevent the final flux distribution from becoming too sharply peaked at the poles.) The initial photospheric field distribution in 1976 August is assumed to have the form AE 12 G ð Þsin 8 L. Figure 5 displays the calculated and observed variation of D eq ðtÞ, D ax ðtÞ, B n ðtÞ, and B s ðtÞ. As expected, the effect of increasing the poleward flow speeds is to reduce the final values of the axial dipole and polar field strengths, bringing the model into much better agreement with observations (compare Figs. 4 and 5) . Moreover, the simulation now roughly reproduces the large fluctuations undergone by the WSO polar fields during 1980-1983. The nature of these fluctuations can be seen more clearly from the latitude-time plots in Figure 6 , constructed by averaging successive maps of the simulated and observed photospheric field over . During times of enhanced activity, flux streams poleward from the sunspot latitudes in the form of discrete surges; the polar field oscillations are associated with large surges of alternating (first trailing, then leading) polarity. (The WSO polar fields also show a spurious annual modulation caused by the Sun's 7 axial tilt.) In WNS89, the surges observed during 1980-1982 were modeled by increasing the source fluxes and doubling the flow speed from $10 to $20 m s À1 around sunspot maximum. In the present study, we have assumed a time-independent meridional flow for simplicity, although the fit to the observed polar field variation could be improved further by relaxing this condition.
In Figure 7 we plot the solar cycle evolution of D tot and B E predicted by our revised model, along with the corresponding observed quantities. The variation of the radial IMF strength (or total open flux) resembles that of the total dipole strength, since the source surface field is generally dominated by its dipole (l ¼ 1) component. However, B E ðtÞ shows less overall modulation than D tot ðtÞ because it also contains a significant contribution from the magnetic quadrupole (l ¼ 2) component around sunspot maximum (see Wang et al. 2000a ). The simulation now reproduces the large peak in the IMF strength observed in 1982, which in turn was associated with a strengthening of the equatorial dipole component (see Fig. 5a ). Although we have adopted a flow amplitude of 25 m s À1 and a diffusion rate of 500 km 2 s À1 , it should be noted that the observed IMF variation and polar field evolution can also be fitted by simultaneously decreasing or increasing both jvj and . Thus, if our flow velocities at low latitudes are decreased by 20%, would have to be decreased from $500 to $400 km 2 s À1 in order for the rate at which leadingpolarity flux leaks across the equator to remain unchanged. However, lowering also prolongs the lifetimes of active regions and raises the total photospheric flux to levels substantially higher than indicated by the NSO/Kitt Peak measurements. Conversely, steady flow speeds significantly faster than 25 m s À1 would be difficult to reconcile with present helioseismic and magnetic tracer observations. 
tudes ranging from $10 to $25 ; at high latitudes, the direction of the flow is sometimes even reversed. If we replace the exponent 0.025 in equation (11) by 0.15, so that our velocity profile peaks at a latitude of 15 instead of 6 , we find that the diffusion rate would have to be reduced to $300 km 2 s À1 in order to offset the leakage of flux into the opposite hemisphere and match the observed dipole and polar field evolution. Again, however, the resulting values of È tot would be too large around sunspot maximum. Although the reason for the discrepancy between the latitudinal profile adopted here and that inferred from helioseismology remains unclear to us, Haber et al. (2002) note that their measurements are accurate only at very shallow depths (d0.02 R ), and that even within this narrow layer the velocities are highly variable; it is thus possible that these depths are not the same as those that determine the motion of large-scale magnetic fields.
ORIGIN OF THE 1982 IMF PEAK
During solar cycles 21 and 22, the near-Earth IMF strength was observed to peak in 1982 and 1991, respectively, just as sunspot activity was beginning to decline. From Figure 7 we recall that the variation of B E tends to follow that of the Sun's total dipole strength, which in turn differs markedly from that of the total photospheric flux or the sunspot number. To illustrate this difference, Figure 9 compares the evolution of È tot , D tot , and D eq during 1976-1986, as derived with the revised transport model. The total dipole moment D tot ¼ ðD 2 ax þ D 2 eq Þ 1=2 is dominated by its axial component D ax near sunspot minimum and by its equatorial component D eq near sunspot maximum; since jD ax ðtÞj and D eq ðtÞ have comparable amplitudes of the order of 4 G, D tot ðtÞ and thus B E ðtÞ undergo less long-term modulation than È tot ðtÞ. We also note that although D eq ðtÞ and È tot ðtÞ are both closely correlated with sunspot activity, the heights of their peaks do not show a simple one-to-one correspondence, since the equatorial dipole strength depends not just on the total flux present, but also on the longitudinal polarity organization of the photospheric field.
Let us now examine the distribution of the large-scale solar field around the time of the 1982 peak in the open flux. The Carrington-format maps in Figure 10 illustrate the simulated photospheric field, open field regions, and source surface field during CR 1725 (1982 August) . A large BMR has emerged in the northern hemisphere around longitude $ 290 ; it is in phase with and reinforces the background polarity sector structure. Highly sheared open regions with very strong footpoint fields are located to the east and west of the BMR. The polar holes are still in the process of formation, and the source surface field has a tilted dipole structure.
It is instructive to compare Figure 10 with Figure 11 , which displays the corresponding Carrington-format maps for CR 1695 (1980 May). The Sun is more active at this time than during CR 1725, and the total photospheric flux is $30% larger. However, the continual emergence of new BMRs limits the areal sizes of the unipolar regions and their embedded coronal holes. The polarities are so '' well mixed '' that the equatorial dipole component is only onehalf as strong as during 1982 August, and È open is one-half as large. The dipole and quadrupole components now contribute equally to the source surface field.
DISCUSSION
We now summarize the steps leading to our revised flux transport model:
1. Ulysses observations (Balogh et al. 1995; Smith et al. 2001) (Wang & Sheeley 1995) .
2. When this result is applied to the simulated photospheric fields of WNS89, the derived values of B E are 2-4 times smaller than observed during 1978-1984, and their variation is strongly anticorrelated with the sunspot cycle, contrary to in situ IMF measurements (see also Mackay et al. 2002) .
3. The discrepancy between the predicted and observed IMF strengths suggests that the magnetic doublets employed in the WNS89 simulations were too weak. In the present study, we have therefore multiplied the source fluxes during 1978-1986 by a factor of 3, which brings the total photospheric fluxes into closer agreement with NSO/Kitt Peak measurements and makes the equatorial dipole strengths consistent with the Ulrich-corrected WSO data.
4. When a simulation is performed with the same transport parameters as in WNS89 (jvj $ 10 m s À1 , ¼ 600 km 2 s À1 ) but with the source fluxes multiplied by 3, the final values of the axial dipole, polar field, and radial IMF strengths are 4 times higher than observed during the 1986 sunspot minimum.
5. Approximate agreement between the calculated and observed evolution of the photospheric and interplanetary fields during 1976-1986 can be obtained by increasing the flow amplitude from $10 to $25 m s À1 and decreasing the diffusion rate from $600 to $500 km 2 s À1 .
In this study, we have emphasized the role of meridional flow in determining the evolution of the Sun's large-scale field. Somewhat paradoxically, the effect of a fast poleward flow at low latitudes is to greatly weaken-not strengthenthe polar and heliospheric fields at the end of the cycle. Even in the absence of flow, supergranular diffusion and differential rotation would still combine to annihilate the nonaxisymmetric field component, including the equatorial dipole; however, since it is unaffected by rotational shearing, the axisymmetric dipole component would build up continually as more and more BMRs emerge. A strong poleward flow counteracts the growth of jD ax j toward sunspot minimum by preventing the leading-polarity flux from diffusing freely across the equator, so that it cancels a larger fraction of the trailing-polarity flux in its own hemisphere. By raising the maximum flow speed from 10 to 23 m s À1 and decreasing from 600 to 500 km 2 s À1 , we were able to reduce the final values of jD ax j, jB n j, jB s j, and B E by as much as a factor of 4. (The evolution of the axial dipole strength when is fixed at 600 km 2 s À1 and jvj is varied from 0 to 20 m s À1 is illustrated in Fig. 5 of ; the asymptotic value of jD ax j begins to decrease only for poleward speeds in excess of $5 m s À1 .)
As was also noted in WNS89, the combined effect of enhanced sunspot activity and fast poleward flow is to generate powerful surges of alternating polarity and accompanying polar field oscillations, similar to those observed during 1980-1983. (That such surges were not unique to solar cycle 21 is suggested by Fig. 1 of , in which polar faculae numbers are seen to undergo large fluctuations during the post-maximum phases of earlier cycles.) Although we have assumed a time-independent flow in the present study, it is possible that these giant surges represent periods of increased flow speeds, perhaps physically linked to the enhanced rate of flux emergence; if so, their effect is to remove most of the extra flux by sweeping both polarities to the poles. Indeed, flux-transport dynamo models suggest that the latitudinal progression of sunspot activity and the solar cycle period itself are determined by the global meridional circulation, which is directed equatorward at the bottom of the convection zone (see Wang, Sheeley, & Nash 1991; Dikpati & Charbonneau 1999) .
As indicated by Figure 8 , there are two distinct contributions to the open flux over the solar cycle: a high-latitude component that dominates near sunspot minimum and corresponds to the long-lived polar coronal holes and a lowlatitude component that dominates near sunspot maximum and is rooted in and around active regions. The highlatitude flux is closely related to the Sun's axial dipole moment and represents the large-scale, axisymmetric remnant of the active region fields (the flux that has managed to survive the journey to the polar regions). On the other hand, 
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the low-latitude open flux is mainly associated with the Sun's equatorial dipole and quadrupole moments. Since this flux is predominantly nonaxisymmetric, it is subject to rotational shearing and is annihilated on a timescale of $1 yr (see Wang, Sheeley, & Lean 2000b) ; it must therefore be continually replenished by new activity. The underestimate of the source fluxes in our earlier model led to an underestimate of the equatorial dipole strength and thus of the lowlatitude open flux.
